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oxidative stress; muscle gene expression; superoxide dismutase; muscle weakness; Ts65Dn DOWN SYNDROME (DS) IS A DEVELOPMENTAL disability resulting from the triplication of chromosome 21 with an occurrence of 1 in 700 live births (38) . Chromosome 21 triplication alters normal gene expression which causes craniofacial alterations, intellectual disability, early onset Alzheimer's disease, gastrointestinal disorders, congenital heart disease, hypotonia, and low muscle strength, among other conditions (28) . Considerable evidence shows persons with DS to have very low muscle strength and the presence of intellectual disability only partially explains this deficit (1, 2, 8, 11, 18, 24, 32, 34, 40) . Persons with DS demonstrate up to a 40 -70% decrement in knee extensor force-generating capacity compared with persons with intellectual disability but without DS, and persons without intellectual disability (1, 2, 8, 11, 18, 24, 32, 34, 40) . This large discrepancy in muscle strength is comparable to the difference in muscle strength observed between healthy adults of 20 and 70 yr of age (29, 37) . Not surprisingly, muscle weakness interferes with these individuals' ability to perform tasks of daily living (8, 16, 39) . Reductions in physical function limits opportunities for independent living, vocational opportunity and productivity, and economic self-sufficiency that ultimately lead to assisted living and lower quality of life in this population (17, 36, 49, 51) . Furthermore, mobility impairments are predictive of mortality in adults with DS (13) . Thus, understanding why persons with DS have such low muscle strength is an important area for research that has immense ramifications for these individuals' social and medical care needs.
The Jackson Laboratory produced the first viable aneuploidy mouse model of DS (i.e., the Ts65Dn mouse) more than twenty years ago (19) . Ts65Dn mice are segmental trisomic for mouse chromosome 16 , which corresponds to roughly half of the genes on human chromosome 21 (21) . The Ts65Dn mouse is the most extensively studied murine model of DS that displays a remarkable number of phenotypes expressed in the human condition, including structural and cognitive alterations of the brain, Alzheimer's-like brain pathology, craniofacial alterations, and congenital heart defects (10, 33, 43, 44) . Thus, the Ts65Dn mouse has considerable value in determining mechanisms of pathology in DS and for testing the efficacy of therapeutic treatments. Surprisingly, there has been little interest in the use of the Ts65Dn mouse to gain insight into the muscle weakness that is so prevalent in the human population. These mice display reduced grip strength, running speeds, motor coordination, and swimming speeds (14, 15) . Thus, the Ts65Dn mouse model provides a suitable platform to identify possible mechanisms for DS-associated muscle dysfunction.
The purpose of this experiment was to directly assess skeletal muscle contractile properties of Ts65Dn mice and to examine potential mechanisms that may be responsible for muscle weakness. We tested the overarching hypothesis that skeletal muscle from Ts65Dn mice would display force deficits in the nonfatigued state and impaired resistance to fatigue that would coincide with increased markers of oxidative stress and decreased indices of mitochondrial oxidative capacity.
MATERIALS AND METHODS

Ethical Approval and Experimental Animals
The Syracuse University Institutional Animal Care and Use Committee approved the use of animals for these experiments, which complied with the Guide for the Care and Use of Laboratory Animals. Male B6EiC3Sn a/A-Ts(17 16 )65Dn (Ts65Dn) mice and wild-type (WT) colony controls were purchased from the Jackson Laboratory (Bar Harbor, ME) (total n ϭ 30; 14 Ts65Dn and 16 WT). Mice were housed in groups of 3-4 by genotype and maintained on a 12:12-h light-dark cycle with food and water provided ad libitum. Mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (120 mg/kg) with supplemental dosages provided as needed to maintain a surgical plane of anesthesia. Following a procedure to surgically remove the hindlimb musculature, the animals were euthanized by removal of the heart and diaphragm, followed by the performance of a gross necropsy.
In Vitro Muscle Contractile Function
The soleus muscle was excised and immediately placed in a dissecting dish containing Krebs-Henseleit buffer equilibrated with 95% O 2-5% CO2 at room temperature. The proximal and distal tendons of the muscle were clipped with light-weight Plexiglas clamps (Harvard Apparatus, Holliston, MA), and the muscle was suspended vertically in a water-jacketed organ bath equilibrated with 95% O 2-5% CO2 gas at 25°C containing Krebs-Henseleit buffer and 25 M d-tubocurarine. The clamp attached to the proximal end of the muscle was secured to a force transducer (301C; Aurora Scientific, Aurora, ON) and the clamp attached to the distal end of the muscle was secured to a fixed Plexiglas rod; this positioned the muscle directly between platinum wire stimulating electrodes. Following a 15-min equilibration, optimal contractile length (L o) was determined by stimulating the muscle with supramaximal voltage and adjusting muscle length in ϳ0.05-g increments until maximum force was achieved. Force output was continuously monitored using a computerized data acquisition system (Aurora Scientific). Following the determination of L o, the bath temperature was increased to 37°C, and the muscle was allowed to equilibrate for an additional 30 min. The force-frequency relationship was determined using contractions evoked at stimulus frequencies of 1, 15, 30, 50, 80, 120, 160, 250 , and 300 Hz with train duration of 500 ms with 2 min of recovery between contractions (Grass S48 stimulator; West Warwick, RI). Two minutes following the end of the force-frequency protocol, the muscles underwent a fatigue protocol (40 Hz, 0.5 trains/s, 500 ms trains) for 5 min, followed by a recovery period (40 Hz, 0.5 trains/s, 500-ms trains) with force measurements obtained at 30 s, and 1, 2, 5, 10, and 15 min. At the end of the contractile protocol the muscle was then removed from the bath, trimmed of excess tendon, blotted to remove excess buffer, and weighed. Muscle cross-sectional area was calculated by dividing muscle mass by the product of fiber length and muscle density (12) . Fiber length was calculated by multiplying muscle length by the fiber length coefficient of 0.71 (5) . A value of 1.06 g/cm 3 was used for muscle density. Force was expressed in absolute values, relative [% of peak tetanic tension (Po)], and/or stress, which was calculated by normalizing to muscle cross-sectional area.
Western Blot Analysis
Soleus muscles were homogenized (1:25, wt/vol) in phosphate buffer containing EDTA, 1% Triton-X, 5 mM DTT, 0.1% SDS, and protease inhibitor (Sigma, St. Louis, MO) using a microtube pestle with a conical tip (Research Products International, Mt. Prospect, IL). Following complete disruption of the muscle, the homogenate was centrifuged at 10,000 g for 10 min at 4°C. The protein concentration of the soluble fraction was assessed using the Bradford assay (SigmaAldrich, St. Louis, MO). The samples were diluted in Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) to yield a final protein concentration. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were stained with Ponceau-S to ensure optimal protein loading and transfer. Membranes were then blocked in 1-5% skim milk protein in PBS containing 0.05% Tween 20 (PBS-T), and subsequently incubated with a primary antibody specific for SOD1 (Novus Biologicals, Littleton, CO), manganese SOD (SOD2; Cayman Chemical, Ann Arbor, MI), catalase (CAT) (Calbiochem, Darmstadt, Germany), glutathione peroxidase 1 (GPX1; Abcam, Cambridge, MA), 4-hydroxynonenal (4-HNE; Santa Cruz Biotechnology, Santa Cruz, CA), cytochrome-c oxidase subunit II (COX2; Santa Cruz Biotechnology), citrate synthase (CS; GeneTex, Irvine, CA), or GAPDH (Sigma). Membranes were subsequently washed with PBS-T and incubated with a horseradish peroxidase-antibody conjugate (1:1,000 -5,000) diluted in blocker directed against the primary antibody for 1 h. Membranes were then washed, treated with chemiluminescent reagents (Thermo Scientific, Rockford, IL), and exposed to light-sensitive film, which was scanned and subsequently analyzed using ImageJ software (42) . Bands were quantified and expressed in arbitrary units relative to the GAPDH loading control band. 4-HNE bands were quantified individually and summed to obtain a total value. The 4-HNE membranes were stained with Coomassie G250 (Bio-Rad Laboratories), scanned, and protein per lane was quantified using ImageJ software (42) . The 4-HNE bands were expressed relative to total protein per lane.
Protein Carbonyls
Protein carbonyls were measured as an index of protein oxidation using the commercially available OxyBlot assay kit (Millipore, Billerica, MA), according to the manufacturer's instructions. Soluble proteins (15 g) were reacted with 2,4-dinitrophenylhydrazone for 15 min. Following the reaction process, 10 g of 2, 4-dinitrophenylhydrazone-derivatized protein was loaded onto 12% polyacrylamide gels, followed by electrophoresis, transfer of protein to nitrocellulose membrane, and visualization of protein according to the procedures described above. Protein bands were quantified using the same procedure as described for the 4-HNE blot.
Muscle Fiber-Type Distribution
Soleus muscles were embedded in Tissue-Tek OCT compound (Sakura Finetek USA, Torrance, CA) and frozen in either liquid nitrogen chilled isopentane or on dry ice. Sections from frozen muscles were cut at 10 -20 m using a cryostat, mounted on slides, and stored at Ϫ80°C until processing. Muscle sections were air dried for 10 min followed by incubation in PBS containing 0.5% Triton X-100. Sections were simultaneously incubated with prediluted dystrophin (RB-9024-R7; Thermo Fisher Scientific, Fremont, CA), myosin heavy chain type I (1:20) (A4.840; DSHB, IA) and myosin heavy chain type IIa (1:1,000) (SC-71; DSHB, IA) antibodies in a dark, humid chamber at room temperature for 1 h. Sections were washed in PBS three times and simultaneously incubated with TRIT-C goat anti-rabbit IgG (1:50) (Invitrogen), Alexa Fluor 350 goat anti-mouse IgM (1:50) (Invitrogen), and FITC goat anti-mouse IgG1 (1:500) (Invitrogen) antibodies diluted in 10% normal goat serum in PBS in a dark humid chamber at room temperature for 1 h. Sections were washed three times in PBS and mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Images were obtained at ϫ10 magnification using a Zeiss AxioImager wide-field fluorescence microscope equipped with an AxioCam MRc digital camera and analyzed with AxioVision software (version 4; Carl Zeiss, Germany). For the composite image, dystrophin was labeled red, type I fibers were labeled blue, and type IIa fibers were labeled green. The proportions of type I and type IIa myosin heavy-chain isoforms were determined by counting all visible fibers. Fibers that were unlabeled by type I or type IIa antibody were also counted and assumed to be either type IIx or type IIb (i.e., IIx/b).
RNA Isolation and Microarray Hybridization
The isolation of RNA, microarray hybridization, and initial data processing were performed at the State University of New York Upstate Medical University microarray core facility. Muscle tissue was disrupted by passage through a 22-gauge needle and homogenized with a QIAshredder column (Qiagen, Valencia, CA). RNA was extracted with the RNeasy Mini Kit (Qiagen). Quality and quantification of RNA were performed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). For microarray processing, 9 ng of total RNA was used for each sample. The samples were processed with the WT-Ovation Pico RNA Amplification System (NuGEN Technologies, San Carlos, CA) to produce cDNA, which was then processed with the WT-Ovation Exon Module (NuGEN Technologies) to produce cDNA of the appropriate strand for the Affymetrix Gene ST arrays. The cDNA was then fragmented and biotin labeled using the FL-Ovation cDNA Biotin Module V2 (Nu-GEN Technologies). A hybridization mix (5 g of the labeled cDNA, 50 pM Control Oligo B2, 1ϫ eukaryotic hybridization controls, 1ϫ hybridization buffer and 10% DMSO) was prepared using Affymetrix GeneChip Expression Hybridization Controls and the Affymetrix GeneChip Hybridization Wash and Stain Kit (Affymetrix, Santa Clara, CA). The hybridization mix was incubated at 99°C for 2 min, then 45°C for 5 min, and each sample was added to a GeneChip Mouse Gene 1.0 ST array (Affymetrix). This array contains probes for an estimated 28,853 genes and transcript clusters. Arrays were incubated for 18 h in a GeneChip Hybridization Oven 640 at 45°C with rotation at 60 rpm (Affymetrix). After 18 h, the arrays were washed and stained on the Affymetrix Fluidic Station 450. Arrays were scanned with an Affymetrix GeneChip Scanner 7G Plus. This experiment contained a total of eight arrays (4 animals/group). The microarray data were submitted to the Gene Expression Omnibus of NCBI (accession no. GSE39159).
Microarray Gene Expression Data Analysis
For between-group comparison of the gene expression data, the significance analysis of microarrays (SAM) method (two-class, unpaired) was used using the MultiExperiment Viewer in the TM4 suite of software tools (45, 50) . An initial SAM analysis was performed with 1,000 permutations to view the SAM plot. The plot was interactive and allowed the user to select the delta value and examine the effect on the number of genes called significant, but also the falsepositive rate. After viewing the test statistic distribution (i.e., observed vs. the expected d-value) a delta (ϭ1.626) was selected that strictly controlled type I error that greatly limited the number of genes called significant by chance alone. We then performed two additional SAM analyses with 1,000 permutations each using the delta established from the initial analysis. The final list of differentially expressed genes comprised those that appeared in all three SAM analyses. We performed this process because the test statistic distribution is different each time the analysis is performed, which provides a slightly different list of genes called significant. For our set of analyses there were 16 genes called significant in at least one but not all three analyses. The final gene list contained 161 genes with a false discovery rate of 0.84%. On the basis of the false discovery rate and the number of genes in our list, there were ϳ1.3 false positive genes. Given our false discovery rate is far below what is considered acceptable (Ͻ5%), we feel this gives us a high degree of confidence that the type I error was adequately controlled. Functional categorization was performed using the National Center for Biotechnology Information and Gene Ontology databases (3).
Microarray Pathway Analysis
Pathway analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (25) . The gene list for DAVID pathway analysis was generated by constructing 95% confidence intervals of the fold change of all genes on the array. Genes outside of the 95% confidence intervals were considered genes that were the most differentially expressed (i.e., most interesting). An additional criteria was also applied to this list of genes; the final list of genes included those with a P Ͻ 0.01 using an unpaired t-test. This gene list, which included 803 genes, was imported into DAVID to perform functional annotation clustering. The premise of this analysis is that similar terms are clustered into groups, which can be used to explore their relationship in a network format rather than examining singular terms (25) . Clusters with an enrichment score of 1.3 were considered because they are biologically relevant (25) . Terms associated with each cluster were considered if they reached statistical significance (P Ͻ 0.05) with a false discovery rate Ͻ5.0%.
Quantitative Real-Time PCR
Microarray data were validated by quantitative real-time PCR from the same RNA sample used for microarray analysis. RNA reverse transcription was performed using the iScript cDNA synthesis kit (Bio-Rad Laboratories) according to the manufacturer's recommendation. PCR was performed using iQ Supermix (Bio-Rad Laboratories) and the iCycler iQ Real-Time PCR Detection System (Bio-Rad Laboratories) using recommended cycling parameters. Predesigned TaqMan primers and probes were purchased from Applied Biosystems (Foster City, CA), which are designed to have 100% amplification efficiency. The standard curve method was used to quantify the expression of SOD1, amyloid precursor protein (App), ring finger protein 160 (Rnf160), and GAPDH, which was included to normalize gene expression data.
Statistical Analyses
The Shapiro-Wilk test for normality was used to test whether the data were normally distributed for parametric statistical analysis. If data violated the assumption of normality, a Box-Cox transformation was used so that the assumption of normality was met. All data were analyzed using independent sample t-tests and presented in the form mean Ϯ SE unless otherwise stated. Data are visually portrayed using box plots, which depict the interquartile range and 10th and 90th percentiles with the mean represented by a plus sign (ϩ). Area under the curve was calculated using the trapezoidal integral method for force-frequency, fatigue, and recovery data. The alpha was set a priori at P Ͻ 0.05. Stata 10.1 and Prism 5 (La Jolla, CA) statistical package was used for data analysis. 
RESULTS
Animal and Soleus Muscle Mass Characteristics
Soleus Contractility
DS is associated with a number of phenotypic alterations that include hypotonia and low muscle strength, which directly and negatively impacts these individual's ability to perform activities of daily living (8, 16, 34, 39, 40 ). The Ts65Dn mouse shows evidence of muscle weakness in vivo (14, 15); thus we sought to directly assess skeletal muscle force generation. In vitro twitch and tetanus contractile properties were similar between WT (n ϭ 11) and Ts65Dn (n ϭ 12) muscles: Peak 2 ) is presented in Fig. 1 . The area under the curve for absolute force (P ϭ 0.58), relative force (% of P o ) (P ϭ 0.45), and stress (P ϭ 0.71) were not different between groups.
The response of the soleus muscle to repeated activation and recovery is presented in Fig. 2 . Fatigue progressively developed in the muscles as evidenced by the progressive drop in the active force generated during the stimulation protocol (Fig. 2,  A and B) . The resting force of the muscles gradually increased for both groups, indicating the inability of the muscles to fully relax during the protocol (Fig. 2, C and D) . Area under the curve during fatigue for the absolute force (P ϭ 0.70; Fig. 2A percent of initial stress (P ϭ 0.58; Fig. 2B ), resting absolute force (P ϭ 0.49; Fig. 2C ), and percent of initial resting stress (P ϭ 0.79; Fig. 2D ) was not significantly different between groups. Following the fatigue protocol, the muscles gradually recovered as indicated by the increase in active force, as well as gradual decrease in the resting force. The area under the curve during recovery for absolute force was not different between groups (P ϭ 0.49; Fig. 2A ), but the area under the curve for the percent of initial stress was significantly greater for the WT compared with Ts65Dn soleus muscles (P ϭ 0.04; Fig. 2B ). Also, the area under the curve for resting absolute force (P ϭ 0.02; Fig. 2C ) and percent of initial resting stress (P ϭ 0.01; Fig. 2D ) was higher in Ts65Dn than WT soleus muscles.
Muscle Fiber-Type Distribution
Myosin heavy chain content is known to have a significant impact on skeletal muscle function (47) . Immunofluorescence analysis was performed on soleus muscle cross sections (Fig. 3, top) to assess muscle fiber type distribution (Fig. 3, bottom) . No significant difference in fiber type distribution was detected between groups.
Antioxidant Protein Expression and Markers of Oxidative Stress
SOD1 overexpression is strongly implicated as one of the possible causes of oxidative stress in DS (27, 48) . As anticipated, SOD1 protein expression was higher in Ts65Dn soleus by 25% (P ϭ 0.01 ; Fig. 4) ; however, CAT (P ϭ 0.53), GPX1 (P ϭ 0.55), and SOD2 (P ϭ 0.96) protein expression was not different between groups (data not shown). Oxidative stress is associated with increased production of oxidants and elevated markers of oxidative injury (41) . We assessed two well-known markers of oxidative injury (4-HNE and protein carbonyls); protein carbonyls were 20% higher in Ts65Dn soleus (P ϭ 0.02; Fig. 5 ), whereas 4-HNE was not significantly different between groups (P ϭ 0.39; data not shown).
Cytochrome-c oxidase and citrate synthase protein expression
We hypothesized that the development of postfatigue weakness in Ts65Dn muscle could be attributable, at least in part, to a limitation in mitochondrial function. Thus, we determined the protein expression levels of COX2 and CS as indices of mitochondrial oxidative capacity. The rationale for selecting COX2 as a marker of oxidative capacity is based on two principal findings: 1) COX2 protein expression responds to changes in training status and aerobic capacity; and 2) protein expression of COX2 are directly correlated with its enzymatic activity (46) . Citrate synthase is also a widely accepted marker of mitochondrial oxidative capacity (23) . We found that soleus of Ts65Dn mice displayed a 22% decrease in COX2 expression (P ϭ 0.03; Fig. 6 ), but expression of CS did not differ between groups (P ϭ 0.55; data not shown).
Microarray Analyses and Interpretation
Effects of trisomy on skeletal muscle gene expression. The Ts65Dn mouse is segmental trisomic for mouse chromosome 16, which corresponds to roughly 132 out of the 230 genes in the human condition (21) . There were a total of 94 out of the 132 trisomic genes on the array. At nominal P Ͻ 0.05, 51 genes were differentially expressed compared with WT. Thirty-five genes were up-regulated with a mean fold change of 1.76 and 16 genes were downregulated with a mean change of 1.33 (Supplemental Table S1 ).
Gene expression analysis. The global effects of trisomy on skeletal muscle gene expression were determined using microarray analysis. On the basis of the criteria that we employed to greatly minimize type I error, a final gene list was generated using SAM analysis that contained 159 genes. Of these genes, 106 were downregulated with a mean fold change of 1.6 (range: 1.35-1.85), and 53 were upregulated with a mean fold change of 2.1 (range: 1.41-4.58). Functional categorization of these genes was performed using the National Center for Biotechnology Information and Gene Ontology databases (3). Ninety-seven of these genes had a known function and are presented along with their annotation and fold change in Supplemental Table S2 . The genes with no known function are provided in Supplemental stimulus, skeletal muscle structure and function, and iron metabolism. A brief summary of these changes is provided in Table 1 . Microarray results were validated using quantitative realtime PCR for 4 genes (SOD1, Rnf160, App, and GAPDH used as the normalizer). In agreement with the array data, GAPDH was not significantly different between groups (P ϭ 0.27). Fold change of SOD1 for Ts65Dn relative to WT was ϩ1.1 and ϩ1.3 for microarray and PCR (P Ͼ 0.05 for both), respec- Pathway analysis. Pathway analysis was performed using DAVID with an expanded list of the most differentially expressed genes. This list included a total of 803 genes, 68 of which were down-regulated and 735 were up-regulated. The DAVID database identified 745 of the 803 genes, and these were used to perform functional annotation clustering to identify overrepresented pathways. Results of the analysis are shown in Supplemental Table S4 . 1 
DISCUSSION
Overview of Principle Findings
Ts65Dn mice show evidence of muscle weakness in vivo (14, 15) , but the contribution of skeletal muscle to these force deficits was previously unknown. The purpose of the current experiment was to directly examine skeletal muscle force generation in the Ts65Dn mouse. Moreover, we assessed indices of oxidative stress, mitochondrial oxidative capacity, and global mRNA expression to gain insight into potential mechanisms of DS-associated muscle dysfunction. Several key findings emerged from this experiment that include 1) soleus from Ts65Dn mice demonstrated normal in vitro force generation but failed to recover from fatiguing contractions to the same degree as muscle from WT mice; 2) SOD1 protein was overexpressed in Ts65Dn skeletal muscle; 3) protein oxidation was greater in Ts65Dn muscle, but lipid peroxidation and expression of CAT, SOD2, and GPX1 were unchanged; 4) COX2 protein was reduced in Ts65Dn soleus but expression of CS was similar between groups; and 5) global gene expression patterns revealed alterations in numerous cell signaling pathways in Ts65Dn muscle. A discussion of these key findings is presented in the following sections.
Nonfatigued Soleus From Ts65Dn Mice Exhibits Normal Force Production In Vitro
Reduced grip strength was reported in persons with DS and the Ts65Dn mouse (14, 15, 20) . We hypothesized that Ts65Dn muscle would exhibit deficits in force-generating capacity in the nonfatigued state. In contrast to our hypothesis, isometric contractile properties of Ts65Dn muscle were not significantly different from WT controls. The current data reveal that the strength limitations observed in Ts65Dn mice in vivo are not due to differences in the inherent functional properties of the muscle. This finding is consistent with the similarities observed in soleus muscle mass and myosin heavy chain composition between Ts65Dn and WT mice. It should be noted that the in vitro muscle preparation eliminated factors related to neuromuscular transmission and central activation that are required for muscle force development in vivo. Although microarray analysis identified a number of differentially regulated genes involved in neuromuscular transmission (Table 1) in Ts65Dn muscle, no aspects of neural contributions were assessed in this experiment. The lack of a functional deficit in nonfatigued Ts65Dn muscle is suggestive that neural properties may play a larger role in mediating strength deficits in vivo, and this warrants further investigation.
Ts65Dn Soleus Demonstrates Postfatigue Muscle Weakness In Vitro
Ts65Dn muscle did not exhibit greater fatigability as hypothesized but showed evidence of postfatigue muscle weakness. Analysis of resting force values (measured between contractions) during the recovery period revealed that the Ts65Dn soleus did not exhibit similar decreases in resting force compared with WT. As a result, Ts65Dn soleus demonstrated a very modest reduction in active force generation during the recovery period. However, the force deficits observed in vitro may not be applicable to conditions in vivo. The presence of neural deficits would be expected to reduce the degree of muscle activation compared with stimulation conditions in vitro and potentially negate the development of postfatigue muscle weakness. Therefore, the observed functional limitations of the muscle following fatiguing contractions in vitro may play a minor role in mediating DS-associated muscle weakness in vivo.
We postulated that a mitochondrial limitation may underlie the failure of Ts65Dn soleus to recover to the extent of WT muscle following fatiguing contractions. Ts65Dn mice reportedly have a lower basal V O 2 (9) , and mitochondrial dysfunction has been reported in brain tissue from persons with DS (6) and the Ts16 mouse model of DS (4) . The microarray analysis identified alterations in pathways involved in glucose and fat metabolism, as well as ATP biosynthesis that could indicate an underlying mitochondrial limitation (Table 1) . We hypothesized that Ts65Dn muscle would demonstrate reduced expression of proteins that are indicative of mitochondrial oxidative capacity. Despite observed reductions in COX2 protein expression, CS protein levels were similar between groups. Unaltered CS expression could signify normal mitochondrial content, but additional mechanisms of mitochondrial regulation may be altered in Ts65Dn muscle. Further experiments are required to test these hypotheses and to obtain definitive evidence of a mitochondrial limitation.
Soleus Muscle from Ts65Dn Mice Overexpresses SOD1 But Does not Show Evidence of Oxidative Stress
SOD1 is located in the cytosol and intermembrane space of the mitochondria and functions to dismutate superoxide radicals to hydrogen peroxide (41) . Persons with DS, and the Ts65Dn mouse, could overexpress SOD1 because the gene is present in triplicate (21, 22) . At the cellular level, overexpression of SOD1 may lead to increased production of hydrogen peroxide. Thus, we hypothesized that skeletal muscle of Ts65Dn mice would overexpress SOD1 and demonstrate oxidative stress. As anticipated, SOD1 expression was higher in Ts65Dn soleus but below what is predicted by gene dosage (i.e., 1.5-fold). There was no change in the expression levels of CAT, GPX1, or SOD2. This finding is consistent with results showing transgenic overexpression of SOD1 does not affect CAT or SOD2 expression in the mouse diaphragm and that 1 The online version of this article contains supplemental material.
overexpression of a human SOD1 transgene in myoblasts does not affect GPX or CAT activities (31, 52) .
Oxidative stress in Ts65Dn muscle is unlikely considering the similar expression levels of key antioxidant proteins in addition to 4-HNE, which is a marker of lipid peroxidation. Furthermore, microarray analyses did not reveal gene expression patterns that would indicate the presence of oxidative stress. The lack of oxidative stress in muscle is surprising, given that other cell types isolated from DS and Ts65Dn tissue demonstrate increased oxidant production and markers of oxidative stress (7, 30) . One possibility for this discrepancy might be that SOD1 was not elevated in Ts65Dn muscle to a sufficient degree to elevate oxidant production (52) .
A possible explanation for the selective accumulation of protein carbonyls is twofold. First, in spite of the fact that mRNA of proteolytic pathways was upregulated (See Supplemental Table S4 ), the efficiency of these processes may be compromised in DS tissue. For example, the chymotrypsin-like proteolytic activity of the proteasome is reduced in the cerebellum of Ts65Dn mice (35) . Thus, the signal for protein degradation is active in Ts65Dn muscle, but the efficiency of the process may be compromised. The net effect would be the accumulation of oxidized proteins since the proteasome is primarily responsible for degrading oxidized proteins (26) . Therefore, we surmise that oxidative stress was not present in Ts65Dn muscle and that elevated levels of protein oxidation could have been the result of decreased rate of oxidized protein degradation.
Perspectives and Significance
There is an urgent need to understand why persons with DS exhibit such dramatic muscle weakness, so researchers can identify potential avenues for treatment. Similar to the human condition, the Ts65Dn mouse displays muscle weakness in vivo, but no mechanisms were previously identified to explain these findings. Our results reveal that Ts65Dn muscle shows normal contractile function in the nonfatigued state and postfatigue muscle weakness in vitro. Although muscle from Ts65Dn animals lacked evidence of oxidative stress, clear evidence of a mitochondrial limitation in mediating postfatigue muscle weakness requires further investigation. Nonetheless, the postfatigue muscle weakness of Ts65Dn muscle observed in vitro is likely of minor importance to the muscle weakness that is observed in vivo. These findings suggest a greater role of neural activation in mediating in vivo muscle force deficits in Ts65Dn mice.
